The Th/U ratios of zircon crystals are routinely used to help understand their growth mechanism. Despite the wide application of Th/U ratios in understanding the geological significance of zircon U-Pb ages, the main controls on the Th/U ratio in metamorphic zircon are poorly understood. Here, phase equilibria modelling coupled with solubility expressions for accessory minerals are used to investigate the controls on the Th/U ratios of suprasolidus metamorphic zircon in an average amphibolite facies metapelite composition. We also present a new database of metamorphic Th/U ratios in zircon from Western Australia. Several factors affecting the Th/U ratio are investigated, including the bulk rock concentrations of Th and U, the amount of monazite in the system, and open v. closed system behaviour. Our modelling predicts that the main controls on the Th/U ratio of suprasolidus metamorphic zircon are the concentrations of Th and U in the system, and the breakdown and growth of monazite in equilibrium with zircon.
| INTRODUCTION
Zircon U-Pb geochronology is a powerful tool in determining the absolute timing, duration and hence geodynamic significance of metamorphic events (Harley, Kelly, & M€ oller, 2007; Rubatto, 2017; Rubatto & Hermann, 2007) . In igneous rocks, magmatic zircon grows during the crystallization of melt when the melt reaches saturation in Zr with respect to zircon (e.g. Boehnke, Watson, Trail, Harrison, & Schmitt, 2013) . In metamorphic systems, zircon can grow or recrystallize at P-T conditions below the solidus (subsolidus metamorphic zircon) or crystallize from melt above the solidus (suprasolidus metamorphic zircon or anatectic zircon).
Zircon in igneous and metamorphic systems concentrates U and Th, which permits geochronological investigation and the concentration of these elements in zircon has potential to help elucidate the crystal's growth mechanism. Metamorphic rocks commonly contain multiple age populations of zircon that reflect both inherited and newly grown material, with the Th/U ratio used as a tool to distinguish between different populations (Hoskin & Schaltegger, relatively high Th/U ratios unless there is an additional sink for Th. Therefore, in aluminous metasedimentary migmatites, one of the primary controls on the Th/U ratio of equilibrated zircon is thought to be the presence or absence of monazite. However, to our knowledge, no attempt has been made to quantitatively model the Th/U ratio of suprasolidus metamorphic zircon in monazite-buffered systems and to evaluate other possible reasons for the observed Th/ U ratios in suprasolidus metamorphic zircon.
In this contribution, to provide context to this study we first present a database of Th/U ratios in metamorphic and igneous zircon from Western Australia to evaluate the range of values in metamorphic v. igneous zircon and show that a single threshold Th/U ratio is not always appropriate for distinguishing the origin of zircon. To evaluate why metamorphic zircon can record a spread in Th/U ratios forward phase equilibria modelling coupled with solubility equations for monazite, apatite and zircon in anatectic melt are used to investigate the controls on Th/U ratios of metamorphic zircon in a suprasolidus metapelite. We investigate several factors that can control Th/U ratios in suprasolidus metamorphic zircon grains, including bulk-rock compositions, variations in partition coefficients, and open-system behaviour. The modelling results presented here are generally applicable to suprasolidus metamorphism of metasedimentary rocks that contain an equilibrium assemblage with accessory monazite, zircon and apatite. Our findings have implications for interpreting Th/U ratios of zircon in hightemperature and UHT metamorphic rocks.
| COMPILATION OF Th/U RATIOS IN METAMORPHIC ZIRCON
The range of Th/U ratios in metamorphic zircon can vary over several orders of magnitude (e.g. Harley et al., 2007; Hoskin & Schaltegger, 2003; Rubatto, 2017) . To demonstrate the variability in Th/U ratios in natural samples and the difference between igneous and metamorphic zircon, a SIMS data set of 1352 analyses of metamorphic zircon and 5,794 analyses of igneous zircon from published geochronology results in Western Australia is summarized in Figure 1 . The data set for the metamorphic zircon group is presented in Table S1 . Data for the igneous group are from the compilation in Kirkland et al. (2015) . The data exclude analyses that have >10% U-Pb discordance in order to exclude metamict zircon. Analyses have been categorised based on all or some of the following: cathodoluminescence texture, isotopic date in relation to regional age patterns, lithology (e.g. metamorphosed v. unmetamorphosed), and information from other isotopic systems including oxygen and 176 Hf/ 177 Hf. All such interpretations of zircon growth (e.g. igneous or metamorphic) are published in the Geological Survey of Western Australia geochronology record series (http://www.dmp.wa.gov.au/ge ochron). For the metamorphic zircon group, data include Archean, Proterozoic and Phanerozoic examples from the major metamorphic belts in Western Australia, including the Pilbara, Yilgarn, Albany-Fraser Orogen, Musgrave Province, Capricorn Orogen, Rudall Province as well as associated basins. The data record a wide variety of metamorphic conditions and suprasolidus and subsolidus metamorphic zircon are not distinguished.
The Th/U ratios of metamorphic zircon from Western Australia range from <0.001 to >10 (Figure 1a ) and are highly skewed towards lower values (Figure 1a) . The entire data set yields a median value of 0.44 and values of 0.08 and 1.08 for the 25th and 75th percentiles, respectively. The distribution of the data set is roughly log-normal (inset in Figure 1a ), but the log-normalized data set is also slightly skewed towards lower ratios of Th/U ratios in zircon.
Thorium and U concentrations in metamorphic zircon are highly skewed towards low values (Figure 1b,c) . Concentrations of Th in zircon have a median value of 105 ppm and 25th and 75th percentile values of 28 and 232 ppm, respectively. The log-normalized Th concentration data is also skewed towards low values (Figure 1b) . Uranium concentrations in zircon have a median value of 252 ppm and 25th and 75th percentile values of 98 and 616 ppm, respectively. Log-normalized U concentrations are approximately normally distributed (Figure 1c) .
The Th/U ratios of igneous zircon range from <0.01 to 20 ( Figure 1d ) with a median value of 0.68 and 25th and 75th percentile values of 0.49 and 0.98, respectively. The distribution of Th/U ratios in igneous zircon is more symmetrical around the median than data for metamorphic zircon. Thorium concentrations of igneous zircon have a median value of 125 ppm and 25th and 75th percentile values of 73 and 222 ppm, respectively (Figure 1e ). Unlike the distribution for metamorphic zircon (Figure 1b) , Th concentrations in igneous zircon are not highly skewed towards low values (Figure 1b,e) . Uranium concentrations of igneous zircon have a median value of 186 ppm and 25th and 75th percentile values of 110 and 332 ppm, respectively (Figure 1f ). The distributions of U concentrations in metamorphic and igneous zircon are similar (Figure 1c,f) .
| METHODOLOGY

| Closed system
Forward phase equilibria modelling of an average amphibolite facies metapelite composition from Ague (1991) is used to determine the proportions and major element compositions of major minerals and melt from the wet solidus ( 670°C) up to 950°C, at pressures from 0.5 to 1.2 GPa. Values were calculated in a grid with intervals of 1°C and 0.01 GPa. Additionally, two isobaric heating paths are modelled at 0.6 and 0.9 GPa, and one open-system scenario involving melt loss and isobaric heating at 0.9 GPa from the wet solidus up to 950°C.
Calculations were conducted with THERMOCALC v.3.40 (Powell & Holland, 1988) and with the internally consistent data set (ds62) of Holland and Powell (2011) . Modelling was undertaken in the MnO-Na 2 O-CaO-K 2 O-FeOMgO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 -Fe 2 O 3 (MnNCKFMASHTO) chemical system with the activitycomposition models of White, Powell, Holland, Johnson, and Green (2014) . The amount of H 2 O in the bulk composition was adjusted so that the system was just saturated with H 2 O at the wet solidus at 0.9 GPa. For the 0.6 GPa isobaric heating path, the amount of H 2 O was adjusted so that the system was just saturated with H 2 O at the wet solidus at 0.6 GPa. Modelled bulk compositions are summarized in Table 1 . Phases modelled as pure end-members include quartz, rutile, aqueous fluid (H 2 O), kyanite and sillimanite. To calculate the Th/U ratio in equilibrated metamorphic zircon, our modelling approach requires: (1) proportions of the major and accessory minerals and melt at each P-T condition, (2) partition coefficients of Th and U between melt and the major and accessory minerals at each P-T condition, (3) concentrations of Zr, LREE, P 2 O 5 , Th and U in the system. Accessory mineral behaviour is calculated following the methodology of Kelsey, Clark, and Hand (2008) and is discussed in detail elsewhere (Kelsey et al., 2008; Yakymchuk, 2017; Yakymchuk & Brown, 2014b; Yakymchuk, Clark, & White, 2017) . Briefly, melt compositions extracted from THERMOCALC are combined with the solubility expressions for zircon (Boehnke et al., 2013) , monazite (Stepanov et al., 2012) and apatite (Wolf & London, 1994) to determine the saturation concentrations of Zr, LREE and P 2 O 5 at various P-T conditions. Because melt compositions across the phase diagram are peraluminous with ASI (molar Al 2 O 3 /[Na 2 O + K 2 O + CaO]) values greater than 1.1-with the exception of the high-P and low-T portion of the diagram (c.f. Yakymchuk, 2017)-we use the apatite solubility expression of Wolf and London (1994) instead of other published expressions that were calibrated for metaluminous and peralkaline melt compositions (e.g. Harrison & Watson, 1984) . For the high-P and low-T portion of the diagram, modelled melt composition have ASI values <1.1, and the solubility expression of Wolf and London (1994) is not valid. Therefore, we assume that apatite is unreactive at these P-T conditions.
Assumed bulk rock compositions of Zr, LREE and P are then combined with the solubility expressions for 718 | zircon, monazite and apatite, along with stoichiometric concentrations of these elements in accessory minerals and the proportion of melt in the system (estimated from THERMO-CALC) to determine the amount of accessory mineral dissolution necessary to saturate the anatectic melt in these elements. We use stoichiometric values of Zr in zircon (497,664 ppm; Kelsey et al., 2008) and P 2 O 5 in apatite (41 wt.%; the average of apatite compositions reported in Webster & Piccoli, 2015) . For monazite, we start with a stoichiometric concentration of 566,794 ppm LREE (Kelsey et al., 2008) at the solidus, but this is adjusted based on the calculated amount of Th in monazite above the solidus. Throughout, it is assumed that the atomic weight of the LREE in monazite and apatite is 140 g/mol.
Weight fractions of accessory minerals at the solidus are determined from the bulk rock concentrations and stoichiometric values of Zr, P and LREE. At the solidus, all Zr is assumed to reside in zircon, all LREE is in monazite, and any P not allocated to form stoichiometric monazite (LREEPO 4 ) resides in apatite. The concentration of LREE in apatite is determined by partitioning with anatectic melt and a D LREE ap=melt value of 10 is used (e.g. . Apatite is assumed to have no LREE at the solidus. Above the solidus, the amount of LREE in apatite is subtracted from the bulk rock composition and the remainder is used to calculate the mode of monazite and this process is done iteratively to determine the amount of LREE and P allocated to form monazite and apatite (e.g. Yakymchuk, 2017) . No adjustment was made to the Ca concentration of the modelled metapelite composition to account for apatite.
Monazite solubility is a function of temperature, pressure, melt composition and the Th concentration of monazite (Stepanov et al., 2012) . The concentration of Th in monazite is determined by partitioning with melt. Partitioning of Th into monazite also decreases the saturation concentration of LREE of the melt in monazite-bearing systems (e.g. Stepanov et al., 2012) . The concentration of Th in monazite and the concentration of LREE in monazite-saturated melt are calculated iteratively at each P-T condition (e.g. Yakymchuk, 2017) . At very low monazite modes at temperatures just below monazite exhaustion, the modelling here predicts unrealistically high concentrations of ThO 2 (>30 wt.%) in monazite. Therefore, a minimum X LREE value of 0.7 is set, where X LREE represents the molar ratio of the LREE to other cations (Th in the modelling here) in monazite (Stepanov et al., 2012) . Thorium and U are treated as trace elements and not as essential structural constituents (e.g. Sun & Hanson, 1975) of the accessory minerals. Therefore, their concentrations in anatectic melt are determined by partition coefficients between these elements and the modes of the major and accessory minerals. At each modelled P-T point, the proportions of the major minerals and melt (calculated by THERMOCALC) and the weight fraction of the accessory minerals are coupled with mineral/melt partition coefficients of Th and U and the concentrations of Th and U in the system (e.g. bulk rock compositions) to determine the concentrations of Th and U in the melt using a batch melting model (e.g. Hanson, 1978; Shaw, 1970) . Concentrations of Th and U in minerals are determined from the mineral/melt partition coefficients and the calculated concentrations of Th and U in melt. The proportions of Th and U in the system hosted by the different phases are calculated by combining phase proportions with the calculated concentrations of Th and U in each phase.
Partition coefficients for Th and U used in the modelling for the major minerals and apatite as well as U for monazite are listed in Table 2 . Partition coefficients for Th and U between zircon and anatectic melt are a function of temperature and the partitioning expressions of Kirkland et al. (2015) are used to model the Th and U concentrations and Th/U ratios of zircon that is in equilibrium with anatectic melt. For U partitioning between monazite and T A B L E 1 Bulk composition used in phase equilibria modelling (mol.%) melt, a value of 83 is used, which is an average of the values reported in Stepanov et al. (2012) . For monazite, partition coefficients of Th are highly variable between studies of natural samples and experiments. Figure 2 is a compilation of Th concentrations of coexisting (assumed equilibrated) monazite and melt from experiments and from studies of volcanic rocks, S-type granites, nanogranites and leucosomes in migmatites. Glasses from experimental studies have Th concentrations mostly ranging from 100 to 1,000 ppm Skora & Blundy, 2010; Stepanov et al., 2012; Xing, Trail, & Watson, 2013) with most estimated monazite-melt partition coefficients between 100 and 1,000 (Figure 2 ). The measured experimental glass compositions have roughly an order of magnitude more Th than the range of Th concentrations measured in S-type granites (Ayres & Harris, 1997; Inger & Harris, 1993; Sawka & Chappell, 1986; Tart ese & Boulvais, 2010; Villaros, Stevens, Moyen, & Buick, 2009 ) and leucosomes in metasedimentary migmatites (Korhonen, Saito, Brown, Siddoway, & Day, 2010; Sawyer, 1987; Solar & Brown, 2001 ). For natural samples, Th concentrations of coexisting (assumed equilibrated) monazite and melt (e.g. granite or leucosome) yield partition coefficients that mostly range from 1,000 to 10,000 (Bea, Pereira, & Stroh, 1994; Breiter, 2016; F€ orster, 1998; Montel, 1993; Pichavant et al., 1987; Wark & Miller, 1993; Weber, Barbey, Cuney, & Martin, 1985) . Acosta-Vigil et al. (2010) reported Th concentrations from monazite associated with nanogranites, which results in a monazite-melt partition coefficient of 11,000. The Th concentration of volcanic Macusani glass (composition JV2 from Pichavant et al., 1987) paired with the average concentration of Th in monazite from Montel (1993) Bulk compositions of Zr, LREE and P 2 O 5 have important implications for the stability of zircon, monazite and apatite during anatexis (Kelsey & Powell, 2011; Kelsey et al., 2008; Yakymchuk, 2017; Yakymchuk & Brown, 2014b; Yakymchuk et al., 2017) . Our modelled baseline scenario uses LREE and Zr whole-rock concentrations of 150 ppm, which is a rough average of concentrations in fine-grained sedimentary rocks and metasedimentary migmatites (Taylor & McLennan, 1985; Yakymchuk & Brown, 2014b ) and a P 2 O 5 concentration of 0.19 wt.%, which is an average of amphibolite facies metapelites reported in Ague (1991) .
Figures
We investigate various bulk-rock concentrations of Th and U as well as Th/U ratios. Fine-grained sedimentary rocks have Th/U ratios generally between 3.5 and 5.5 (Taylor & McLennan, 1985) . Thorium concentrations mostly range from 5 to 17 ppm, and U concentrations vary from 1.5 to 4.0 ppm (Taylor & McLennan, 1985) . Bulk concentrations of 3.5 ppm U and 14 ppm Th (average of <2.0 Ga fine-grained sedimentary rocks) are used in our baseline scenario.
| Open system
Most migmatites and granulites yield field, petrographic and geochemical evidence for melt loss. The preservation of high-temperature mineral assemblages in metamorphic rocks is consistent with the loss of anatectic melt (e.g. Diener, White, & Powell, 2008; White & Powell, 2002) . The geochemistry of many granulites is also consistent with the loss of melt enriched in relatively incompatible elements (e.g. Brown, 2013; Guernina & Sawyer, 2003) . The extraction of melt from the anatectic crust has important implications for the stability of accessory minerals (Kelsey et al., 2008; Yakymchuk & Brown, 2014b) and the concentrations of the essential structural constituents of accessory minerals in the residuum (e.g. Rapp et al., 1987) . Because open-system behaviour in migmatites is path dependent (e.g. Guevara & Caddick, 2016; Mayne, Moyen, Stevens, & Kaisl Aniemi, 2016) and each rock and P-T path must be evaluated on a case-by-case basis, we choose to model a simple isobaric heating path at 0.9 GPa from the solidus up to a peak temperature of 950°C and use this to investigate the role of melt loss on the Th/U ratio of suprasolidus metamorphic zircon. Melt loss is modelled assuming that the system becomes open to melt extraction when the proportion of melt reaches a critical threshold. We choose the 7 vol.% melt connectivity threshold of Rosenberg and Handy (2005) , which is a rheological threshold where melt along grain boundaries may become interconnected throughout the rock framework. For the modelling, six-sevenths of the melt are extracted leaving 1 vol.% in the system (e.g. Yakymchuk & Brown, 2014a) . This amount of residual melt is consistent with observations of thin films on grain boundaries in migmatites that are interpreted to represent melt pseudomorphs (e.g. Holness & Sawyer, 2008) , which suggests that migmatites retain a portion of the melt. The major element composition of the melt is calculated by THERMOCALC and the trace element concentrations are calculated from the saturation equations of monazite, zircon and apatite for LREE, Zr and P. Concentrations of Th and U in the melt are calculated by partitioning. After each melt loss event, the new melt-depleted composition is used to model the phase equilibria, accessory mineral modes and Th/U values of zircon for the next segment of the isobaric heating path up to the next melt loss event and so on.
T A B L E 2 Partition coefficients used in modelling (mineral/melt)
Mineral
| RESULTS
The results for the baseline scenario for a closed system are plotted on a P-T diagram, which has been contoured using Matlab â . A smoothing filter based on a 3 9 3 Pascal triangle was applied to the results to generate the plot, which minimizes the influence of very small fields on the contours across the diagram. In addition, closed-system results for two isobaric heating paths (0.6 and 0.9 GPa) and one open-system scenario (0.9 GPa isobaric heating) are presented, but no smoothing filter was applied to these results.
| P-T phase diagram
The P-T phase diagram (pseudosection) for the average amphibolite facies metapelite is shown in Figure 3 . The temperature of the solidus ranges from 670°C at 0.5 GPa to 710°C at 1.2 GPa. Rutile is restricted to relatively high pressures (>1.0 GPa). Ilmenite and plagioclase are stable across the entire modelled P-T range. No orthopyroxene is predicted to be stable. A narrow field that represents muscovite breakdown to K-feldspar extends from <680°C at 0.5 GPa to <790°C at 1.2 GPa. Biotite breakdown melting occurs at temperatures above muscovite exhaustion. At >0.7 GPa, biotite breaks down to garnet over 100-150°C and biotite is completely consumed by 850°C. A narrow low-variance field extending from 770°C at 0.5 GPa to 850°C at 0.7 GPa represents the breakdown of biotite to cordierite. After biotite exhaustion, melting proceeds via the consumption of quartz and feldspar. This sequence of melting reactions with increasing (2012) and Xing et al. (2013) . Glass compositions from Hermann and Rubatto (2009) are paired with the monazite compositions reported in Skora and Blundy (2010) . The Macusani glass composition (JV2 from Pichavant et al., 1987) is paired with the average concentration of Th in monazite from Montel (1993) . Nanogranite and paired monazite compositions are from sample HO-50A in Acosta-Vigil et al. (2010) . Monazite and co-existing granite/leucosome are from F€ orster (1998), Bea et al. (1994) , Wark and Miller (1993) , Weber et al. (1985) and Breiter (2016) . The range of leucosome and peraluminous granite Th concentrations are from Inger and Harris (1993), Villaros et al. (2009) , Tart ese and Boulvais (2010), Sawyer (1987) , Solar and Brown (2001) and Korhonen et al. (2010) temperature is common for most aluminous metasedimentary rocks (e.g. Brown, 2013; Clemens, 2006) . The modelled amount of melt in normalized molar percentage (approximately equivalent to vol.%) is shown in Figure 4a . Melt proportion contours have steep positive slopes, which indicates that more melt is generated at lower pressures and that melting can proceed via heating and decompression, assuming closed-system behaviour. The amount of melt produced during open system melting during heating and decompression is expected to be significantly less (e.g. Mayne et al., 2016; Yakymchuk & Brown, 2014a) .
| Accessory mineral proportions
The amounts of zircon, monazite and apatite dissolution in the system relative to the amount of these minerals at the solidus for the baseline scenario are illustrated in Figure 4b-d. The modelled proportions for each accessory mineral are non-linear up temperature with closer spacing of contours at high-temperature. Zircon and monazite dissolution contours are nearly vertical except in the narrow muscovite-K-feldspar field at low temperatures and the narrow biotite-cordierite field at low pressures and high temperatures where contours are less steeply sloping. Apatite proportions are strongly controlled by the aluminium saturation index (ASI) of the melt (e.g. Wolf & London, 1994) and have positive slopes except at low pressure and high temperature, where they are negatively sloping at P-T conditions outside the stability field of sillimanite and biotite (Figure 3 ).
| Th/U in melt and zircon
Concentrations of Th and U as well as the Th/U ratios of melt and zircon across the range of modelled P-T conditions for the baseline scenario are shown in Figure 5 . Concentrations of Th in melt increase up temperature until monazite is exhausted (Figure 5a ). The contours are closer spaced at higher temperature, corresponding to an increased rate of dissolution at higher temperature. After monazite exhaustion, Th concentrations decrease up temperature. Concentrations of U in melt decrease up temperature (Figure 5b) and are more sensitive to pressure than Th concentrations. The Th/U ratio of melt increases up temperature until monazite exhaustion, after which it is relatively constant ( Figure 5c ). At low pressure, the Th/U ratio of melt decreases at temperatures above monazite exhaustion. The Th concentration of zircon in equilibrium follows the same trend as that of the melt, which includes an increase up temperature and then decreases after monazite exhaustion (Figure 5d ). Concentrations of U in zircon decrease up temperature in a non-linear manner (Figure 5e) . Contours of the concentration of U in zircon are closer spaced at lower temperatures. Th/U values of zircon follow the same general pattern as the Th/U ratio of melt with a maximum value at the monazite-out boundary. After monazite exhaustion, the Th/U ratio of zircon decreases slightly up temperature (Figure 5f ).
The sensitivity of the Th/U ratio of equilibrated zircon to the partition coefficient of Th between monazite and melt, and the bulk concentrations of LREE, U, and Th are presented in Figure 6 . Contours on Figure 6 represent the P-T conditions where the modelled Th/U ratio of zircon is equal to 0.1. A Th/U value of 0.1 has been proposed as a boundary between metamorphic and igneous zircon (e.g. Hoskin & Schaltegger, 2003; Rubatto, 2017) , although this Th/U value may not be appropriate as shown by the data set from Western Australia (Figure 1 Bulk rock concentrations of LREE are essentially a proxy for the amount of monazite present in the system. For higher bulk concentrations of LREE, Th/U ratios of 0.1 of zircon occur at higher temperatures (Figure 6b ). For very low concentrations of LREE (e.g. 50 ppm), a Th/U ratio of 0.1 in zircon occurs close to the muscovite-out field boundary. Moderate concentrations of LREE (e.g. isobaric heating at 0.6 GPa isobaric heating at 0.9 GPa F I G U R E 3 P-T phase diagram for an average amphibolite facies metapelite composition from Ague (1991) . The dashed line is the solidus. Mineral abbreviations are from Holland and Powell (2011) 100-200 ppm) result in a Th/U ratio of 0.1 of zircon at lower temperatures than biotite exhaustion at high pressures and close to the biotite-cordierite field at low pressure. For high bulk rock concentrations of LREE (500 ppm) a Th/U ratio of zircon of 0.1 is predicted to occur at UHT conditions.
Low bulk rock concentrations of U or high concentrations of Th result in Th/U ratios of zircon of 0.1 at relatively low temperatures (Figure 6c,d) . High bulk rock concentrations of U or low concentrations of Th result in Th/U ratios of 0.1 for zircon at relatively high temperatures (Figure 6c,d ). For most modelled bulk rock concentrations of U and Th, a Th/U ratio of 0.1 of zircon occurs between the muscovite-out and biotite-out field boundaries (Figures 3 and 6c,d ).
| Isobaric heating paths
Results of the modelling for isobaric heating paths at 0.6 and 0.9 GPa for the baseline scenario are shown in Figures 7 and 8, respectively. The normalized molar proportions of the modelled phases (approximately equivalent to volumetric proportions) are shown in Figures 7a and 8a . Melt production is non-linear with temperature and there are punctuated increases in melt during the breakdown of muscovite at low temperature (Figures 7a and 8a) and at 820°C for the 0.6 GPa heating path due to the breakdown of biotite to cordierite (Figure 7a) . The modelled concentration of Th in melt increases with heating and reaches a maximum when monazite is exhausted (Figures 7b and 8b) . After monazite is exhausted, the amount of Th in the melt decreases due to dilution. In contrast, the U concentration of the melt decreases along the entire heating path (Figures 7b and 8b) . The proportion of each accessory mineral decreases nearly exponentially with increasing temperature and all are completely exhausted by 950°C (Figures 7c and 8c) .
The modelled Th budget of the system at the solidus is dominated by monazite (80%) but decreases with increasing temperature (Figures 7d and 8d) . After monazite exhaustion, the melt is the dominant repository of Th (Figures 7d and 8d ). In contrast with Th, the U budget of the system at the solidus is nearly equally shared between accessory and major minerals (Figures 7e and 8e) . Zircon contains 30% of the U budget, monazite contains 20% and apatite 2% at the solidus. With increasing temperature, the amount of U hosted by the accessory and major minerals decreases with one important exception. For the 0.6 GPa isobaric heating path, the U budget controlled by the major minerals drastically increases at 800°C (Figure 7e )-this is due to the growth of cordierite, which was modelled with a D U cd=melt value of 1.61 (Bea et al., 1994) . The modelled concentration of ThO 2 in monazite increases with temperature for both heating paths (Figures 7f and 8f) . After monazite exhaustion, the concentration of ThO 2 in monazite that would be in equilibrium with the melt decreases during further heating. However, prograde or retrograde monazite growth is not expected because the melt is predicted to be undersaturated in the LREE with respect to monazite above the temperature of monazite exhaustion. The modelled concentration of U in zircon decreases from >1,000 ppm to <1,000 ppm with increasing temperature (Figures 7g and 8g) . With increasing temperature, the modelled concentration of Th in zircon initially decreases from 200 to 100 ppm and then increases up to the temperature of monazite exhaustion (Figures 7h and 8h) . During heating for both modelled paths, the change in the Th/ U ratio of zircon is initially negligible followed by a nonlinear increase in the Th/U ratio of zircon until monazite is exhausted. After monazite exhaustion a gentle decrease in the Th/U ratio of zircon is predicted (Figures 7i and 8i ).
| Open system
The results for an isobaric heating path at 0.9 GPa in an open system are summarized in Figure 9 along with some of the comparative results for a closed system. The starting composition of the system is the same as the baseline scenario for the closed system. The amount of melt generated in an open system is less than the amount produced in a closed system scenario (Figures 8a and 9a) . As a consequence, the accessory minerals are stable to higher temperatures than in the closed system scenario (Figure 9b ). Roughly 50% of zircon, 85% of apatite and 25% of monazite are expected to survive heating up to 950°C.
Similar to the closed-system scenario, the modelled concentration of U in melt decreases with heating ( Figure 9c ). The concentration of U in the system also decreases after each melt loss event because the extracted melt has a higher concentration of U than the residue (Figure 9c ). The concentration of Th in the melt increases during the entire heating path (Figure 9d ), which contrasts with the decrease after monazite exhaustion in the closed system (Figure 8b ). This is due to monazite buffering the Th concentration of melt (and zircon) over the entire heating path. The concentration of Th in the system increases and decreases during the heating path, which is due to the extracted melt having both lower and higher concentrations of Th than the residue at each melt loss event (Figure 9d ). The concentration of P 2 O 5 in melt increases after 750°C (Figure 9e ) when the ASI value of the melt becomes >1.1 and allows apatite dissolution in the modelling.
The predicted concentration of ThO 2 in monazite increases during heating, which is similar to the closed system scenario. Modelled concentrations of U and Th in zircon and the Th/U ratio of zircon are similar between openand closed-system scenarios for the baseline scenario (Figure 9g-i) .
The sensitivity of Th/U ratios of zircon to changes in the bulk rock concentrations of LREE, U and the value of D Th mnz=melt for an open system scenario are investigated in Figure 10 . Low bulk rock concentrations of LREE and U result in zircon with higher Th/U ratios (Figure 10a,b) . Low values of D Th mnz=melt result in zircon with higher Th/U ratios (Figure 10c ). These are similar to the results for the closed system scenario (Figure 6b ).
| DISCUSSION
| Limitations and assumptions of modelling
There are several key assumptions in the modelling, including the following factors: (1) there are no kinetic barriers to the dissolution of accessory minerals, (2) there are no other accessory minerals (e.g. xenotime, allanite) in the system, (3) LREE, Zr and P do not substitute into the major rock-forming minerals, (4) Th substitution in accessory minerals follows Henrian behaviour, (5) rock-wide chemical and thermal equilibration is achieved, (6) apatite is unreactive in the high-P and low-T portion of the modelled system (i.e. when the ASI value of the modelled melt is <1.1), and (7) no adjustment was made to concentration of Ca in the model metapelite to account for apatite.
First, the modelling assumes that there are no kinetic barriers to dissolution and crystallization during suprasolidus metamorphism. For accessory minerals, the time required to dissolve grains of zircon (Harrison & Watson, 1983) , monazite (Harrison & Watson, 1984) and apatite (Rapp & Watson, 1986 ) are summarized in Figure 11 . The dissolution of these minerals is sensitive to temperature, the amount of H 2 O in the melt and the deviation from saturation (Watson, 1996) . For the average metapelite composition modelled here, H 2 O concentrations in melt range from 10 wt.% at the wet solidus down to 3 wt.% at UHT conditions. There is no significant difference between the H 2 O concentration of melt between the open and closed system scenarios. In general, there is not expected to be any significant kinetic barriers to dissolution over orogenic timescales (>1 Ma). For systems with a realistic 6 wt.% H 2 O in the melt, the time required to completely dissolve zircon, monazite and apatite is less than 100 ka to 1 Ma for the (Figure 11a-c) . In a completely dry system, apatite dissolution may be hindered (Figure 11a ). Nonetheless, apatite is not a major contributor to the Th and U budget of the system and is not expected to significantly influence the Th/U ratio of metamorphic zircon.
A second limitation of the modelling is that it does not consider the influence of other accessory minerals that can host significant quantities of Th and U, including allanite and xenotime (e.g. Engi, 2017) . However, the modelled composition is representative of an aluminous metapelite at suprasolidus conditions and allanite is not expected to be stable (e.g. Spear, 2010; Wing et al., 2003) . Xenotime is a common mineral in subsolidus pelites, but phase equilibria modelling of xenotime and monazite suggests that xenotime is completely consumed at temperatures just above the solidus (Spear & Pyle, 2010) , at least in those rock compositions. Xenotime abundance in natural high-temperature granulites is typically lower than monazite and zircon, largely because xenotime and garnet have an inverse abundance relationship (e.g. Spear & Pyle, 2010) . Therefore, for the modelled composition and P-T conditions, allanite and xenotime are not expected to be stable in the equilibrium assemblage above the solidus. For other compositions, such as Ca-rich metapelites, the influence of allanite on the Th/ U ratios of zircon may need to be considered especially at subsolidus conditions (e.g. Finger et al., 2016; Janots et al., 2008) . However, subsolidus zircon growth is considered to be much less significant and voluminous than suprasolidus zircon growth. A third limitation of the modelling is that the essential structural constituents of zircon, monazite and apatite (Zr, LREE and P) are assumed to reside only in the accessory minerals and do not substitute into major minerals. Apatite and monazite are the main repositories of P in suprasolidus metamorphic rocks, but feldspar and garnet can accommodate significant amounts of P (Dumond, Goncalves, Williams, & Jercinovic, 2015; Kohn & Malloy, 2004; Pyle & Spear, 1999; Spear & Pyle, 2002; Villaseca, Martı ın Romera, De la Rosa, & Barbero, 2003) . In most cases, garnet is likely to contain up to a few hundred ppm of P, but extreme concentrations of up to 0.4 wt.% P 2 O 5 have been documented in some ultrahightemperature metamorphic rocks (Axler & Ague, 2015a , 2015b . In the modelling here, a maximum garnet mode of 20 vol.%, and a concentration of 250 ppm P in garnet (e.g. Dumond et al., 2015) are considered. A simple mass balance calculation with the apatite and monazite proportions at the solidus will result in garnet hosting 7% of the P 2 O 5 budget. Villaseca et al. (2003) reported concentrations of P 2 O 5 in feldspar of 0.18-0.22 wt.%. Considering 20 vol. % feldspar with apatite and monazite modes at the solidus, the result is that feldspar could host 15% of the P 2 O 5 budget. In both of these scenarios, the incorporation of P into major minerals will reduce the effective concentration (c.f. Kelsey et al., 2008) of P in the system allocated to form apatite and monazite (e.g. Yakymchuk, 2017) , which will result in a slightly decreased stability Concentration of Th in zircon in equilibrium with melt initially decreases up temperature and then increases, which reflects the breakdown of monazite. After monazite is depleted at 840°C, the concentration is no longer buffered by monazite and the concentration of Th in zircon decreases. (i) Th/U ratio of zircon increases during heating and rises above 0.1 at 770°C. The Th/U ratio of zircon increases until monazite is consumed and then steadily decreases at > 840°C field of monazite. In the baseline scenario in this study (Figure 5 ), zircon could therefore attain Th/U ratios >0.1 at slightly lower temperatures if P substitution is considered. Zirconium can readily substitute into rutile and to a lesser extent into garnet (e.g. Bea, Montero, & Ortega, 2006; Kohn, Corrie, & Markley, 2015) . The substitution of Zr into minerals other than zircon reduces the effective concentration of Zr in the system and results in a reduced stability field of zircon. For example, rutile can accommodate up to a few thousand ppm Zr at UHT conditions (e.g. Tomkins, Powell, & Ellis, 2007) . Considering the maximum proportion of rutile in the modelled metapelite composition ( 0.2 mol.%), and a concentration of 5,000 ppm Zr in rutile, and a bulk composition of 150 ppm Zr, the result is that 6% of the bulk rock Zr can be locked in rutile. Garnet can accommodate hundreds of ppm of Zr at UHT conditions, which may be more important. For example, consider an average metapelite with 20 vol.% garnet with an extreme Zr concentration of 100 ppm (e.g. Kohn et al., 2015) and a bulk rock Zr concentration of 150 ppm. The result is that 11% of the Zr will be locked away in garnet. Again this will slightly reduce the stability field of zircon. However, zircon contains only up to 20% of the U budget of the rock (e.g. Figures 7e and 8e ) and a negligible proportion of the Th budget (Figures 7d and 8d) . Because of the relatively small influence of zircon on the Th and U concentrations of melt, the role of Zr substitution into major minerals is expected to have a negligible effect on the Th/U ratio of equilibrated zircon.
The impact of LREE substitution into major minerals is potentially more important because the amount of monazite in equilibrium with melt and zircon has a significant impact on the Th budget of the system and the Th/U ratio of equilibrated zircon. In peraluminous migmatites investigated by Bea (1996) , feldspar contained roughly 5% of the LREE budget of samples and apatite 10%. The partitioning of LREE into apatite is considered in the models here (e.g. Yakymchuk, 2017) and apatite contains up to 30% of the LREE budget in the modelled accessory minerals. LREE substitution in feldspar is not considered in the models here, but if feldspar contains 20 ppm LREE (the average of values reported in Bea, 1996) and a mode of 20 vol.% (the maximum in the modelling here), this accounts for 7% of the LREE budget of a rock with a bulk concentration of 150 ppm LREE. The result is a slightly lower effective concentration of LREE allocated to monazite and less monazite will be present in the system to partition Th. Consequently, the modelled Th/U ratio in equilibrated zircon is expected to be slightly higher (e.g. Figure 10a ) than for a system where LREE substitution into feldspar is not considered.
The fourth assumption is that concentrations of Th and U in major and accessory minerals can be modelled by partition coefficients and conform to Henry's law. For the major minerals, zircon, and apatite this is likely a valid assumption due to the very low concentrations of Th and U in these minerals. Because Th can substitute into monazite in higher concentration than zircon and apatite, Th partitioning into monazite may depart from Henrian behaviour towards Raoultian behaviour. This has been discussed in detail for experimental results of monazite stability in Skora and Blundy (2010) . The consequences for the modelling here are relatively minor because most modelled monazite has low concentrations of Th and Henrian behaviour is likely (Figures 7d and 8d) . Modelled ThO 2 concentrations in monazite can reach 30 wt.% at high temperature (i.e. Th becomes an essential structural constituent in monazite), but this occurs when monazite proportions are approaching zero.
The partition coefficients for Th between monazite and melt vary significantly between experimental studies of natural samples and experiments (Figure 2 ). Starting compositions of the experimental studies have Th concentrations ranging between 216 and 1,063 ppm Skora & Blundy, 2010; Stepanov et al., 2012; Xing et al., 2013) , which are one to two orders of magnitude more than concentrations of Th in most peraluminous granites and metasedimentary rocks. Thorium substitution into monazite may be limited by the substitution mechanism. Direct substitution of tetravalent Th with the formation of vacancies limits the amount of ThO 2 in monazite to 18 wt.% whereas coupled substitution of Th with Ca can account for up to 30 wt.% ThO 2 (e.g. Clavier, Podor, & Dacheux, 2011) . The concentration of Th in monazite from natural samples and experiments have the same general range of values even though the melt compositions are highly variable (Figure 2 ). Considering the high-Th compositions of the starting materials and melts in experimental studies, we speculate that the amount of Th incorporated into monazite may be limited by these substitution mechanisms, and that the partition coefficients derived from coexisting Th-rich melt and monazite in experimental runs may be underestimates.
The fifth assumption of this modelling is that minerals are expected to be in equilibrium with each other (and anatectic melt) and are compositionally homogeneous throughout the rock. In natural systems, most major and accessory minerals preserve some compositional zoning and inclusions are chemically isolated from matrix. Apatite zoning in metamorphic rocks has been documented (e.g. Yang & Rivers, 2004) , and chemical zoning in monazite is ubiquitous and used to infer different portions of the metamorphic history (e.g. Engi, 2017; Williams, Jercinovic, & Hetherington, 2007) . In suprasolidus metamorphic rocks, zircon that grew from anatectic melt is generally weakly zoned in cathodoluminescence images (e.g. Rubatto, 2017) . However, it is clear from studies of REE partitioning between melt, garnet and zircon that equilibrium in trace elements between major and accessory minerals can be a reasonable approximation (e.g. Rubatto, 2017; Taylor, Kirkland, & Clark, 2016) . This is the basis for most studies in petrochronology, although there are clear cases where equilibrium was not attained between accessory and major minerals in metamorphic systems (e.g. Lanari & Engi, 2017) .
The sixth limitation is that we assume apatite is unreactive when the ASI value of the melt is <1.1. Modelled melt ASI values <1.1 are found at < 660°C at 8 kbar and <850°C at 12 kbar (c.f. Yakymchuk, 2017) where melt modes are <30 mol.% in closed system (Figure 4a ). Apatite is expected to contain a very small portion of the Th and U budgets of the system (e.g. Figures 7d,e and 8d ,e) and is expected to have a negligible effect on zircon Th/U ratios in the portion of P-T space where we assume apatite is unreactive.
The seventh and final assumption of the modelling is that the concentration of Ca in the bulk system is not adjusted to account for apatite. The amount of Ca that would be needed to be subtracted from the bulk composition to account for apatite is a function of the concentrations of the essential structural constituents of apatite (P) and monazite (LREE, P). For the scenarios presented here, monazite only requires a negligible amount of the P budget (e.g. Yakymchuk, 2017) . Approximately 0.25 wt.% of CaO Harrison & Watson, 1983) . (b) Monazite (modified from Rapp & Watson, 1986) . (c) Apatite (modified from Harrison & Watson, 1984) expected, the amount of Th and U in the major phases is relatively small, and this is not expected to have a significant effect on the modelled Th/U ratios in zircon.
| Controls on Th/U ratios of zircon in suprasolidus metamorphic rocks
The modelling here suggests that there are two major controls on the Th/U of zircon in equilibrium with anatectic melt in an average metapelite in closed and open systems. These include: (1) the Th/U ratio and concentrations of Th and U in the system, and (2) the growth and breakdown of monazite.
In an equilibrated system, the concentration of Th and U in the melt is controlled by the modes of the major and accessory minerals, the partition coefficients and the concentrations of Th and U in the system. The concentrations of Th and U in fine-grained sedimentary rocks are variable, but generally have Th/U ratios of 3.5-5.5 (McLennan, Taylor, & Hemming, 2006) with some modern sediments recording extreme values of 1.0 to >6.0 (McLennan & Taylor, 1991) . Post-Archean fine-grained sedimentary rocks have U concentrations of 3.0-3.5 ppm and Th concentrations of 12-16 ppm (Condie, 1993; McLennan et al., 2006) . These are also broadly equivalent to the concentrations of these elements in the upper continental crust (e.g. Rudnick & Gao, 2014) . However, some pelites can have values that depart from these. Shales with elevated U concentrations, such as those found in reducing environments (e.g. black shales), will generally have low Th/U ratios (e.g. McLennan & Taylor, 1991) and would result in metamorphic zircon with relatively low Th/U ratios. Sediments derived from juvenile sources with low Th/U, such as oceanic island basalts, can be found in back-arc basins (McLennan, Taylor, McCulloch, & Maynard, 1990) . Finally, postdepositional leaching of U and/or Th of sedimentary rocks may also contribute to the Th/U of metamorphic zircon.
The breakdown and growth of monazite above the solidus is an important control on Th/U ratios in suprasolidus metamorphic zircon. When melt composition is buffered by monazite, Th partitions mostly between it and anatectic melt (Figures 7d and 8d) . Consequently, zircon in equilibrium with monazite and melt will generally have low Th/U ratios. This was proposed in many studies of zircon from high-temperature metapelites and S-type granites (e.g. Cesare et al., 2003; Rubatto et al., 2001; Vavra et al., 1999) . As monazite is consumed, the Th concentration of the melt increases (Figures 5a, 7b, 8b and 9d) , which results in equilibrated zircon with increasing Th/U values during heating (Figures 7i, 8i and 9i ). When monazite is completely exhausted, the Th/U ratio of equilibrated zircon reaches a maximum (Figures 5-10 ). Because monazite is the primary repository for Th in the modelling here (Figure 7d and 8d) , further melting will dilute the melt in Th. Less dilution of U occurs because a larger proportion of U is hosted in the major minerals (Figures 7e and 8e) . Consequently, the Th/U ratio of equilibrated zircon decreases after the exhaustion of monazite (Figures 5-10 ).
This modelling evaluates the composition of zircon in equilibrium with anatectic melt over a range of P-T conditions, but zircon is generally expected to crystallize during cooling to the solidus (Kelsey et al., 2008; Kohn et al., 2015; Yakymchuk & Brown, 2014b; Yakymchuk et al., 2017) . If zircon continuously re-equilibrates its Th/U ratio during cooling to the solidus, then the ratio that is preserved in the zircon will be that at the solidus unless further re-equilibration occurs at subsolidus conditions. However, given the low diffusivity of Th and U in zircon (e.g. Cherniak, Hanchar, & Watson, 1997) , it is more likely that the zircon will record a range of Th/U values where the cores record early Th/U ratios in the crystallization history and the rims record values near the solidus. This is not explored in the modelling here, but considering that zircon is a relatively minor contributor to the U and Th budget of the system (Figures 7d,e, and 8d,e), the fractionation of Th and U in early grown zircon is not expected to have a major impact on the Th/U ratio of later grown zircon. Nonetheless, a range of Th/U values is expected to be recorded in newly grown anatectic zircon in natural systems.
For the equilibrium closed system scenarios modelled here, the Th/U locked into the zircon is expected to be the value where the retrograde path crosses the wet solidus. (Figure 6d ). Migmatites with large proportions of leucosome may reflect approximately closed system behaviour where melt did not escape and these rocks commonly contain metamorphic zircon with Th/U ratios <0.1 (Gasser et al., 2012; Rubatto et al., 2009; Rubatto et al., 2013; Rubatto, 2017) . This likely reflects the relatively low temperature of zircon crystallization at or near the wet solidus where zircon Th/U ratios are expected to be <0.1 (Figures 5-8) .
In an open system, the extraction of melt elevates the temperature of the solidus (e.g. White & Powell, 2002; White, Powell, & Holland, 2007) and the Th/U ratio of the zircon is predicted to be locked in at temperatures higher than the wet solidus. The actual temperature of the solidus will be influenced by the amount of melt extracted from the system, but in the modelling here, it occurs at 5-20°C below the last melt loss event reached along the modelled isobaric heating path (Figure 10) . For all the modelled scenarios, the highest Th/U ratio in zircon is predicted at the solidus for the highest-temperature melt loss event. For most modelled scenarios, UHT conditions are associated with Th/U ratios in zircon >0.1. This is consistent with the results from residual metapelites in the Eastern Ghats (Korhonen et al., 2013) , the lower crust in the Ivrea zone (Ewing, Hermann, & Rubatto, 2013; Vavra et al., 1999) and crustal rocks from the Musgrave Province, Central Australia (Howard et al., 2015; Smithies et al., 2011) .
The relative timing of monazite and zircon growth during cooling and crystallization of anatectic melt is also an important control in open-system scenarios. Upon cooling, if monazite crystallizes close to the solidus (c.f. Kelsey et al., 2008) , initial suprasolidus metamorphic zircon is expected to have high Th/U ratios and late crystallized zircon that grows in the presence of monazite is predicted to have low Th/U ratios. This is particularly important for rocks with low concentrations of LREE (e.g. Yakymchuk & Brown, 2014b) . A similar sequence of Th/U ratios of zircon was documented by Hokada and Harley (2004) in the Napier complex where zircon cores with Th/U > 1 formed during crystallization of the leucosomes and zircon rims with Th/U < 1 formed in the presence of monazite late in the crystallization history. In scenarios where zircon and monazite co-precipitate during cooling, such as in systems relatively that are enriched in LREE, then all newly crystallized anatectic zircon is expected to have relatively low Th/U ratios.
| Th/U ratios of zircon in metamorphic rocks
Previous compilations of zircon Th/U ratios have proposed a general threshold Th/U value of 0.1 between metamorphic and igneous zircon (e.g. Hoskin & Schaltegger, 2003; Rubatto, 2017) . Based on the new compilation of zircon analyses from Western Australia, it is more appropriate to say that igneous zircon rarely has Th/U < 0.1 and that metamorphic zircon can have values ranging from <0.01 to >10 (Figure 1a) . Therefore, zircon with Th/U ratios < 0.1 are more likely to be metamorphic and zircon with Th/U ratios > 0.1 can be igneous or metamorphic. The results of the modelling here suggest that one of the primary controls on the Th/U ratio of zircon in metamorphic rocks is the presence and proportion of Th-rich monazite. Considering that the database contains zircon from different rock types at various P-T conditions, the breakdown and growth of other Th-rich minerals may also have a similar influence on the Th budget of the rock and the Th/U ratio of equilibrated zircon.
In rocks with high-Ca bulk compositions (e.g. metabasites and calcsilicate rocks), allanite is a common accessory mineral and is a major repository for Th (Engi, 2017; Hermann, 2002) . Allanite is expected to grow from the breakdown of lawsonite and titanite-also relatively Th-rich minerals-during prograde high dP/dT metamorphism (Spandler, Hermann, Arculus, & Mavrogenes, 2003) and also may be partly consumed during high-temperature partial melting (e.g. Klimm, Blundy, & Green, 2008) . Although the Th/U ratio of equilibrated zircon in these systems will be dependent on the mode of allanite (or other Th-rich minerals), zircon is generally expected to have low Th/U ratios in allanite-bearing systems (Rubatto, 2017) .
At subsolidus conditions, the proportion of monazite in metapelites is expected to increase during prograde metamorphism and reach a maximum at the solidus (Spear & Pyle, 2010) . While subsolidus prograde zircon growth is not generally expected (c.f. Kohn et al., 2015) , any new or recrystallized zircon would be expected to have relatively low Th/U ratios near the solidus and higher Th/U ratios at lower temperatures if there are no additional Th-rich minerals present. In Ca-rich pelites, allanite may be present at lower temperatures than monazite (e.g. Janots et al., 2008; Spear, 2010) and equilibrated zircon is also expected to have relatively low Th/U ratios. However, the Th/U ratio of equilibrated zircon will be significantly influenced by the proportion of Th-rich minerals, which is in part controlled by the bulk composition of the system and the availability of the essential structural constituents of these minerals.
| CONCLUSIONS
A compilation of metamorphic zircon from Western Australia yields a range of values with a median of 0.4. This median Th/U ratio is higher than 0.1, which is commonly used to separate metamorphic from igneous zircon. Based on phase equilibria modelling, for closed system scenarios, low-temperature crystallization of zircon at or near the wet solidus is likely to lead to Th/U ratios <0.1. However, for open system melting, melt loss will result in elevated solidus temperatures and zircon is predicted to have higher Th/U ratios. Under UHT conditions zircon is expected to have Th/U ratios >0.1. The main controls on the Th/U ratio of suprasolidus metamorphic zircon are (1) the Th/U ratio and concentrations of Th and U in the system, (2) the amount of monazite in the system, which is a function of the concentration of LREE and the amount of melt in the system. Crystallization timing is also likely to be a strong control on zircon grain Th/U ratio; high Th/U ratios are expected early during cooling and melt crystallization in the absence of monazite. By contrast, low Th/ U ratios in zircon are expected to occur late in the cooling and crystallization history near the solidus and in the presence of monazite.
